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THREE-DIMENSIONAL IMAGING USING 
ABSORPTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t U.S. Provisional Patent 
Applications No. 61/083,394 ?led on Jul. 24, 2008 and Us. 
Provisional Patent Application No. 61/ 1 65,708 ?led on Apr. 
1, 2009, each of Which is hereby incorporated by reference in 
its entirety. 

BACKGROUND 

Various techniques have been disclosed for capturing 
thickness measurements using Emission Reabsorption Laser 
Induced Fluorescence (“ERLIF”) as described for example in 
the following literature, all incorporated by reference herein 
in its entirety: Hidrovo, C, Hart, D. P., “Excitation Non 
Linearities in Emission Reabsorption Laser Induced Fluores 
cence (ERLIF) Techniques,” Journal of Applied Optics, Vol. 
43, No. 4, February 2004, pp. 894-913; Hidrovo, C., Hart, D. 
P., “2-D Thickness and Temperature Mapping of Fluids by 
Means of a TWo Dye Laser Induced Fluorescence Ratiometric 
Scheme,” Journal of Flow l/isualiZation and Image Process 
ing, Volume 9, Issue 2, June 2002; Hidrovo, C., Hart, D. P., 
“Emission Reabsorption Laser Induced Fluorescence for 
Film Thickness Measurement,” Measurement Science and 
Technology, Vol. 12, No. 4, 2001, pp. 467-477; and Hidrovo, 
C., Hart, D. P., “Dual Emission Laser Induced Fluorescence 
Technique (DELIF) for Oil Film Thickness and Temperature 
Measurement,” ASME/JSME Fluids Engineering Division 
Summer Meeting, Jul. 23-28, 2000, Boston, Mass. 

While these existing techniques provide a useful approach 
for obtaining thickness measurements, they rely on various 
mixtures of tWo or more ?uorescent dyes. There remains a 
need for other thickness measurement techniques that do not 
require the use of multiple dyes, as Well as techniques for 
adapting thickness measurements to various physical con 
texts for three-dimensional imaging. 

SUMMARY 

The attenuation and other optical properties of a medium 
are exploited to measure a thickness of the medium betWeen 
a sensor and a target surface. Disclosed herein are various 

mediums, arrangements of hardWare, and processing tech 
niques that can be used to capture these thickness measure 
ments and obtain three-dimensional images of the target sur 
face in a variety of imaging contexts. This includes general 
techniques for imaging interior/concave surfaces as Well as 
exterior/convex surfaces, as Well as speci?c adaptations of 
these techniques to imaging ear canals, human dentition, and 
so forth. 

In one aspect, a method for obtaining three-dimensional 
data that is disclosed herein includes distributing a medium 
betWeen a target surface and a sensor, the target surface hav 
ing a predetermined color over a region of interest, and the 
medium characterized by a ?rst attenuation coe?icient at a 
?rst Wavelength and a second attenuation coe?icient different 
from the ?rst attenuation coe?icient at a second Wavelength; 
illuminating a location in the region of interest; measuring an 
intensity of the ?rst Wavelength and an intensity of the second 
Wavelength in a direction of the location With the sensor; and 
determining a thickness of the medium in the direction of the 
location based upon a function of the intensity of the ?rst 
Wavelength and the intensity of the second Wavelength. The 
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2 
medium may include at least one of a liquid, a gas, a solid, and 
a gel. When the medium is a gas, the method may further 
comprise providing a transparent barrier betWeen the target 
surface and the sensor to retain the gas against the target 
surface. When the medium is a liquid, the method may further 
comprise immersing the target surface in the liquid; and posi 
tioning the sensor above a top surface of the liquid. Deter 
mining the thickness may include calculating a ratio of the 
intensity of the ?rst Wavelength to the intensity of the second 
Wavelength. The sensor may measure the intensity of the ?rst 
Wavelength and the intensity of the second Wavelength from 
a plurality of locations Within the region of interest at a 
corresponding plurality of pixel locations Within the sensor, 
thereby providing a tWo-dimensional array of thickness mea 
surements. The method may include constructing a three 
dimensional image of the region of interest With the tWo 
dimensional array of thickness measurements. The method 
may include constructing a three-dimensional image of the 
target surface from a plurality of three-dimensional images of 
a plurality of regions of interest. The predetermined color 
may be uniform. The predetermined color may be a speci?c 
color. The predetermined color may include a color distribu 
tion. The ?rst attenuation coe?icient may be zero. The ?rst 
attenuation coe?icient may be less than the second attenua 
tion coe?icient. Illuminating may include illuminating With a 
broadband light source. Illuminating may include illuminat 
ing With one or more of a chemiluminescent substance, an 
electroluminescent substance, and an optical Waveguide in 
the target surface. The method for obtaining three-dimen 
sional data comprising may include ?ltering one or more 
Wavelengths of light betWeen the medium and the sensor. The 
method may include attenuating light at Wavelengths other 
than the ?rst Wavelength and the second Wavelength. 

In one aspect, a computer program product that is disclosed 
herein performs the steps of characterizing a color over a 
region of interest on a target surface to provide a predeter 
mined color; characterizing a ?rst attenuation coe?icient at a 
?rst Wavelength and a second attenuation coe?icient at a 
second Wavelength of a medium distributed betWeen the tar 
get surface and a sensor; receiving a measurement from the 
sensor in a direction of a location in the region of interest, the 
measurement including an intensity at the ?rst Wavelength 
and an intensity at the second Wavelength; and calculating a 
thickness of the medium in the direction of the location based 
upon a function of the intensity of the ?rst Wavelength and the 
intensity of the second Wavelength. 

In one aspect, a device that is disclosed herein includes a 
target surface having a predetermined color over a region of 
interest; a sensor capable of measuring an intensity of elec 
tromagnetic radiation from a location in the region of interest 
including an intensity at a ?rst Wavelength and an intensity at 
a second Wavelength; a medium distributed betWeen the tar 
get surface and the sensor, the medium characterized by a ?rst 
attenuation coe?icient at the ?rst Wavelength and a second 
attenuation coe?icient different from the ?rst attenuation 
coe?icient at the second Wavelength; a light source capable of 
illuminating the region of interest at the ?rst Wavelength and 
the second Wavelength; and a processor programmed to 
receive the intensity at the ?rst Wavelength and the intensity at 
the second Wavelength from the sensor and to calculate a 
thickness of the medium in a direction of the location based 
upon a function of the intensity of the ?rst Wavelength and the 
intensity of the second Wavelength. 

In one aspect, a system that is disclosed herein includes a 
distributing means for distributing a medium betWeen a target 
surface and a sensor, the target surface having a predeter 
mined color over a region of interest, and the medium char 
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acteriZed by a ?rst attenuation coef?cient at a ?rst Wavelength 
and a second attenuation coe?icient different from the ?rst 
attenuation coef?cient at a second Wavelength; an illuminat 
ing means for illuminating a location in the region of interest; 
a sensor means for measuring an intensity of the ?rst Wave 
length and an intensity of the second Wavelength in a direc 
tion of the location With the sensor; and a processing means 
for determining a thickness of the medium in the direction of 
the location based upon a function of the intensity of the ?rst 
Wavelength and the intensity of the second Wavelength. 

BRIEF DESCRIPTION OF THE FIGURES 

The invention and the folloWing detailed description of 
certain embodiments thereof may be understood by reference 
to the folloWing ?gures: 

FIG. 1 shoWs a three-dimensional imaging system. 
FIG. 2 shoWs the emission and absorption spectra for ?uo 

rescein sodium. 
FIG. 3 shoWs a three-dimensional imaging system using a 

luminescent surface applied to an object. 
FIG. 4 shoWs a three-dimensional imaging system using a 

passive surface applied to an object. 
FIG. 5 is a How chart of a method for three-dimensional 

imaging using a ?uorescent layer applied to a target surface of 
an object. 

FIG. 6 is a How chart of a method for three-dimensional 
imaging using a single ?uorescent dye. 

FIG. 7 is a How chart of a method for three-dimensional 
imaging based upon absorption. 

FIG. 8 illustrates a computer-implemented method for 
three-dimensional imaging using the technique described 
above. 

FIG. 9 shoWs a method for using a single camera to mea 
sure thickness. 

FIG. 10 illustrates an adaptation of the techniques 
described herein to imaging of an interior space such as a 
human ear canal. 

FIG. 11 is a How chart of a method for obtaining a three 
dimensional image of an interior space. 

FIG. 12 shoWs a self-in?ating bladder for use in interior 
measurements. 

FIG. 13 is a How chart of a method for using a self-in?ating 
bladder to capture three-dimensional images of an interior 
space. 

FIG. 14 illustrates an adaptation of the techniques 
described herein to capture a three-dimensional image of an 
object such as human dentition. 

FIG. 15 is a How chart of a method for capturing a three 
dimensional image of an object such as human dentition 
using the techniques described herein. 

DETAILED DESCRIPTION 

Disclosed herein are various techniques for obtaining 
thickness measurements from a ?lm, liquid, gel, gas, or other 
medium based upon the relationship betWeen an intensity of 
light measured at tWo or more different Wavelengths. Also 
disclosed herein are various techniques for capturing such 
thickness measurements in interior volumes (such as ear 
canals), exterior volumes (such as teeth), and so forth for use 
in three-dimensional reconstruction. In general, the systems 
and methods described beloW exploit the Beer-Lambert LaW 
for absorption of light in a medium, and more particularly, 
derivations based upon the Beer-Lambert LaW Where one 
Wavelength is attenuated more than another as it passes 
through a medium. By controlling sources of light and the 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
properties of the medium, this differential attenuation can be 
used to determine a distance that light travels through a 
medium to a sensor. More speci?c applications of this general 
principle are provided beloW, and serve to outline several 
variations of a neW technique for distance measurement based 
upon differential attenuation of various Wavelengths of light. 

Throughout this disclosure, the term “absorption” is used 
to describe an attenuation of energy such as electromagnetic 
energy propagating through a medium. This attenuation may 
be caused by physical absorption in the medium, or by any 
other physical phenomenon (such as scattering) or combina 
tion of phenomena that result in a measurable decrease in 
intensity of a signal as it passes through the medium. For 
example, it Will be understood that in some embodimentsi 
such as those involving gold nanopar‘ticles as described 
hereini“absorption” is the result of multiple inelastic scat 
tering events. Thus as used herein absorption should be 
understood broadly to refer to any form or cause of attenua 
tion (or lack thereof) unless a more speci?c meaning is explic 
itly provided or otherWise clear from the context. 

In the folloWing description, terms such as thickness, thick 
ness calculation, and thickness measurement are used inter 
changeably to describe the thicknesses as determined using 
the techniques disclosed herein. In general, no particular 
meaning should be ascribed to the terms “measurement” and 
“calculation”, and the use of one term or the other, or similar 
references to “determining”, “calculating”, or “obtaining” 
thickness measurement, is not intended to imply any distinc 
tion among the manners in Which thickness might be deter 
mined. Rather, all such references to thickness should be 
understood to include all of the techniques described herein 
for determining thickness of a medium or the length of an 
optical path therethrough, except Where a more speci?c 
meaning is explicitly provided. 

Throughout this disclosure, various terms of quantitative 
and qualitative description are used. These terms are not 
intended to assert strict numerical boundaries on the features 
described, but rather should be interpreted to permit some 
variability. Thus for example Where medium is described as 
being transparent at a particular Wavelength, this should be 
understood to mean substantially transparent or suf?ciently 
transparent to permit measurements yielding accurate thick 
ness calculations, rather than absolutely transparent at the 
limits of measurement or human perception. Similarly, Where 
a target surface is described as having uniform color or a dye 
is described as ?uorescing at a particular Wavelength, this 
should not be interpreted to exclude the variability typical of 
any conventional material or manufacturing process. Thus in 
the folloWing description, all descriptive terms and numerical 
values should be interpreted as broadly as the nature of the 
invention permits, and Will be understood by one of ordinary 
skill in the art to contemplate a range of variability consistent 
With proper operation of the inventive concepts disclosed 
herein, unless a different meaning is explicitly provided or 
otherWise clear from the context. 

In the folloWing description, the term Wavelength is used to 
describe a characteristic of light or other electromagnetic 
energy. It Will be understood that the term Wavelength may 
refer to a speci?c Wavelength, such as Where the description 
refers to a center frequency or a limit or boundary for a range 
of frequencies. The term may also or instead refer generally to 
a band of Wavelengths, such as Where a Wavelength is speci 
?ed for a sensor, pixel, or the like. Thus in general the term 
Wavelength as used herein should be understood to refer to 
either or both of a speci?c Wavelength and a range of Wave 
lengths unless a more speci?c meaning is provided or other 
Wise clear from the context. 
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All documents mentioned herein are hereby incorporated 
by reference in their entirety. References to items in the sin 
gular should be understood to include items in the plural, and 
vice versa, unless explicitly stated otherWise or clear from the 
text. Grammatical conjunctions are intended to express any 
and all disjunctive and conjunctive combinations of con 
joined clauses, sentences, Words, and the like, unless other 
Wise stated or clear from the context. 

Although the following disclosure includes example 
embodiments, these examples are provided for illustration 
only and are not intended in a limiting sense. All variations, 
modi?cations, extensions, applications, combinations of 
components, and the like as Would be apparent to one of 
ordinary skill in the art are intended to fall Within the scope of 
this disclosure. 

FIG. 1 shoWs a three-dimensional imaging system. In an 
embodiment, the system 100 may employ a ?uorescent 
medium betWeen an object and a camera, although it Will be 
readily appreciated that a variety of mediums, sensors, and 
other components may be used. The system 100 may include 
an excitation source 102 With a source ?lter 104, a medium 

106, an object 108 With a target surface 110, a sensor 112 With 
a sensor ?lter 114, and a computer 116. In general operation, 
the excitation source 102 illuminates the object 108 along an 
optical illumination path 118 through the medium 106, and 
the sensor 112 captures re?ected light from the object 108 on 
an optical return path 120 through the medium 106. The 
resulting signal at the sensor 112 can be processed by the 
computer 116 to obtain thickness measurements of the 
medium 106, Which can be further processed to obtain a 
three-dimensional image of the object 108. It Will be under 
stood that numerous variations, additions, omissions, and 
modi?cations are possible, all as described in the various 
detailed embodiments set out beloW. 

The excitation source 102 may be any suitable light source. 
In various embodiments, this may include light emitting 
diodes, incandescent bulbs or lamps, laser light sources, or 
any other broadband light source, broadband visible light 
source, narroWband light source or any combination of the 
foregoing that emits photons at the desired Wavelength(s). 
The excitation source 102 (as shaped by the source ?lter 104) 
may provide light at any suitable Wavelength(s) including 
Wavelengths that excite a ?uorescent substance in the 
medium 106 or on the target surface 110, as Well as Wave 
length(s) having knoWn attenuation by the medium 106, all as 
more generally described beloW. The excitation source 102 
may more generally include any source of illumination suit 
able for imaging as described herein. While visible light 
embraces one useful range of Wavelengths, the excitation 
source 102 may also or instead usefully provide light near or 
beyond the visible light range such as near-infrared or infra 
red illumination, or more generally across any range of elec 
tromagnetic Wavelengths for Which attenuation by the 
medium 106 can be measured. Various other embodiments 
are discussed in greater detail beloW, and it Will be appreci 
ated that the term “excitation source” as used herein should be 
broadly understood as any source of energy capable of 
achieving illumination of the object 108. In one embodiment, 
the excitation source 102 may be a light source positioned to 
excite a single ?uorescent substance around the object 108 
(e. g., Within the medium 106) to provide a ?uorescent emis 
sion, or more generally to illuminate the medium 106 and/or 
target surface 110 as required to capture suitable intensity 
measurements at the sensor 112 for thickness calculations as 
described beloW. 
One or more source ?lters 104 may optionally be employed 

to shape a spectral pro?le of the excitation source 102, such as 
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6 
to provide narroWband illumination from a broadband light 
source, or to otherWise attenuate energy outside Wavelengths 
of interest. For example, Where the sensor 112 captures a 
?uorescent or other radiant image from the object 108, the 
one or more source ?lters 104 may usefully remove or attenu 

ate the ?uorescence Wavelength(s) from the excitation source 
102 in order to avoid contamination of ?uorescence images. 
The medium 106 may include any substance, mixture, 

solution, composition or the like suitable for the imaging 
systems and methods described herein. In general, the 
medium 106 may have knoWn and different coe?icients of 
attenuation for tWo different Wavelengths so that a ratio of 
intensity at these Wavelengths can be captured and used in 
thickness calculations. The medium 106 may also include a 
single ?uorescent, phosphorescent, or similarly radiant sub 
stance that contributes to the intensity of electromagnetic 
energy at one of the tWo different Wavelengths. In embodi 
ments, one of the attenuation coef?cients is Zero. In embodi 
ments, one of the attenuation coe?icients is greater than or 
less than the other, or to improve discrimination in a calcula 
tion including a ratio, signi?cantly greater than or less than 
the other. 

In one aspect, the medium 106 may be selected for its 
mechanical properties. Thus, the medium 106 may include 
one or more of a liquid, a gas, a solid, a gel, or other substance 
or combination of substances. For example, a liquid such as a 
silicon oil may be conveniently employed Where the object 
108 is small and can be ?t into a bath or other container With 
the oil. As another example, a gas With a ?uorescent dye may 
be usefully employed in an interior space as described in 
various embodiments beloW. In other embodiments, the 
medium 106 may be a casting medium such as a curable gel 
into Which the object 108 may be pressed and removed leav 
ing a negative impression of the object in the medium 106. In 
various embodiments, such a curable material may be cured 
While the obj ect 108 is in the medium 106, after the object 108 
has been removed from the medium 106, or some combina 
tion of these. The medium 106 may cure With the passage of 
time, or With the application of heat, light, pressure, or the 
like, or through some other activation medium. 

In another aspect, the medium 106 may be selected for its 
optical properties such as luminescence (e.g., ?uorescence) 
and/or attenuation. Thus the medium 106 may in general be 
transparent across some portion of the electromagnetic spec 
trum so that light passing through the medium 106 in some 
Wavelengths is not attenuated. The medium 106 may also 
have a non-Zero coef?cient of attenuation at some Wave 

lengths so that light at these Wavelengths is attenuated as it 
passes through the medium 106. This may be achieved, for 
example, through the use of an additive such as gold nano 
particles (Which can be very closely tuned to achieve attenu 
ation at speci?c, narroW bands of Wavelengths) or any other 
substance or combination of substances that achieves a 
desired attenuation spectral pro?le. The medium 106 may 
also contain ?uorescent dyes, phosphorescent dyes, quantum 
dots, or some other substance or combination of substances 
that emits light in response to other Wavelengths or other 
stimulus (such as an applied electrical ?eld, a chemical reac 
tion, and so forth). In such embodiments, the intensity of the 
emitted light may be used to assist calculations of a thickness 
of the medium 106, as described in greater detail beloW. The 
medium 106 may also or instead include any chemilumines 
cent material, electroluminescent material, or other material 
that emits light at one or more measurable Wavelengths. 

Thus, the medium 106 may in general include a variety of 
dyes, solutes, quantum dots, encapsulated silica nanopar 
ticles, or other substances that can be combinedisuch as in a 






































